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Abstract. Falling sphere and balloon wind and tempera- pographic waves. Gravity wave motions-a#i5-50 km in

ture data from the MaCWAVE winter campaign, which was Salvo 1 were more complicated, but they generally had large
conducted in northern Scandinavia during January 2003, aramplitudes, short vertical scales, and their hodographs re-
analyzed to investigate gravity wave characteristics in thevealed a northwest-southeast orientation. In addition, the
stratosphere and mesosphere. There were two stratospheriatios between wave amplitudes and intrinsic phase speeds
warming events occurring during the campaign, one havinggenerally displayed a marked peak-~a45-50 km and de-

a maximum temperature perturbatiomat5km during 17—  creased sharply at+50km, where the background winds
19 January, and the other having a maximum perturbatiorwere very weak. These results suggest that these wave mo-
at ~30km during 24-27 January. The former was a ma-tions were most likely topographic waves approaching their
jor event, whereas the latter was a minor one. Both warm-<ritical levels. Waves were more nearly isotropic in the lower
ings were accompanied by upper mesospheric coolings, anstratosphere.

during the second warming, the upper mesospheric cool—Ke ords. Meteoroloqy and atmospheric dvnamics (Mid-
ing propagated downward. Falling sphere data from thed yworas. 9y spheric dy ics (Mi

dIe atmosphere dynamics; Waves and tides; Turbulence)
two salvos on 24-25 January and 28 January were analyze

for gravity wave characteristics. Gravity wave perturbations
maximized at~45-50km, with a secondary maximum at
~60 km during Salvo 1; for Salvo 2, wave activity was most 1

pronounced at-60 km and above. Atmospheric gravity waves (GWSs) and their dissipation as-

tim(;rti\éltﬁs\il:]avihgoggzn?/r:r?tlioprrglpﬁgggo?ad%riicgggf Sai;ecgrsr;_sociated with wave saturation have long been recognized to
9 grap y lay an important role in the large-scale circulation and the

bined with the S-transform (a Gausglan wavelet analys'%)emperature and constituent structures of the middle atmo-

methoql). The results are compared with those from a Stokeg here. For example, the zonal-mean forces associated with
a?c‘?lydsésk‘);?gg’easqt.rrizt'gSg%?esrg:ﬁ;hgzggsthfk;olm;eL‘i’;ﬂizrz GW dissipation are believed to cause the closure of the meso-
Provi : i » lIKEly du aspheric jets and a mean meridional circulation that leads to

pability of the S-transform to obtain robust estimates of wave

mplitud nd oh differen between different field a warm winter mesopause, a cold summer mesopause, and
ampiitudes and phase differences beween dilerent elds. -, o, /arsa of the latitudinal temperature gradient than would
For Salvo 1 at~60km and above, gravity waves prop-

._have been expected from an atmosphere in radiative equilib-
agated towards the southeast, whereas for Salvo 2 at SiMsim (e.g., Houghton, 1978; Lindzen, 1981; Holton, 1982):
llar altitudes, waves propagated predominantly towards th'?GWS contribute to driving the tropical quasi-biennial oscil-

northwest or west. These waves were found not to be toy_;i (QBO) (e.g., Dunkerton, 1997) and semiannual oscil-

Correspondence td:. Wang lation (SAQ) in both the stratosphere and mesosphere (e.g.,
(lwang@cora.nwra.com) Hitchman et al., 1992); topographic wave drag is believed to
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1210 L. Wang et al.: Mountain wave critical level encounters during MaCWAVE

slow the westerly winds above the midlatitude troposphericso critical levels occur where the background wind is zero
jet maximum and significantly affect the northern winter cli- in the direction of wave propagation. A significant strato-
mate (e.g., Palmer et al., 1986; McFarlane, 1987); they als@pheric warming immediately prior to our winter measure-
play a role in driving the summer hemisphere meridionalment program led to a reversal of the zonal wind, which
transport circulation (e.g., Alexander and Rosenlof, 1996)prevented the penetration of mountain waves into the meso-
expressed through the downward control principle, and consphere. Nevertheless, there existed clear GW perturbations,
tribute to the formation of the winter stratospheric polar vor- some of which appear to be clear indications of mountain
tex (e.g., Hitchman et al., 1989). The interested readers arevave critical level encounters, with GW motions at higher
referred to Fritts (1984) and Fritts and Alexander (2003) for altitudes due to sources other than topography.
extensive reviews of the history and our current understand- Our goal in this study is to investigate in detail GW charac-
ing of GW dynamics and their effects in the atmosphere.teristics in the stratosphere and mesosphere employing data
As noted in Fritts and Alexander (2003), observational andcollected during the winter MaCWAVE rocket program. Be-
theoretical studies have also revealed considerable temporghuse this campaign occurred during a major stratospheric
and geographic variability of the GW source spectrum andwarming, a major focus is on the behavior of apparent moun-
its effects in the middle atmosphere. To date, however, outain waves approaching their critical levels. We employ both
knowledge about the spatial and temporal variations of GWconventional and wavelet methods to assess GW structure in
sources is still very limited, and more detailed observationsthe stratosphere and mesosphere.
are needed to characterize and quantify GW sources and their The paper is organized as follows. Section 2 describes
effects on the atmosphere at greater altitudes. the falling sphere and other data used in this study. Sec-
With the aim to study GW forcing of the polar mesosphere tion 3 describes the mean state structure during the winter
and lower thermosphere (MLT) region, two MaCWAVE campaign and the estimation of GW perturbations. Section 4
(Mountain and Convective Waves Ascending Vertically) col- introduces a new approach to derive GW horizontal prop-
laborative rocket and ground-based measurement campaigrgyation directions and analyzes GW characteristics for the
were performed in northern Scandinavia (Goldberg et al.pronounced signals identified in the falling sphere data. A
2003, 2004, 2006). The summer component, which wasdiscussion of the results is given in Sect. 5, and our summary
coordinated closely with the MIDAS (Middle Atmosphere and conclusion are presented in Sect. 6.
Dynamics and Structure) rocket program, was performed at
the Andoya Rocket Range, Norway (6918, 16.1 E) and
the nearby ALOMAR observatory during July 2002 and has?2 Data
been described in detail in Goldberg et al. (2004) and Becker
and Fritts (2006). Briefly, the mean state structure and GWDuring the MaCWAVE winter campaign, 35 Viper and
activity from the troposphere to the mesosphere were charSuper-Loki rockets were launched successfully from Es-
acterized (Goldberg et al., 2004; $ch et al., 2004; Rapp et range, Sweden (679N, 21.7° E) during 15-30 January 2003
al., 2004; Williams et al., 2004). It was found that there wasto obtain falling sphere horizontal wind and temperature
a warmer mesopause, a colder middle mesosphere, and thuseasurements throughout much of the middle atmosphere
a more stable temperature gradient in the upper mesosphe(85—90 km). The details of the rocket launches are provided
during July 2002 than observed during previous summersby Goldberg et al. (2006). The details of the falling sphere in-
Meanwhile, the mean meridional circulation was markedly strumentation have been described in Schmidlin et al. (1991)
weaker near the mesopause than previous years. The unuswald Williams et al. (2004). Briefly, the horizontal winds were
mean circulation and thermal structure were found to be condetermined from falling sphere positions which were tracked
sistent with the GW characteristics measured (Becker et al.by a mobile, high-precision, C-band tracking radar. The tem-
2004, Becker and Fritts, 2006). perature was related to the atmospheric density assuming
The winter MaCWAVE rocket campaign in January 2003 hydrostatic equilibrium, while the density was determined
was moved to Esrange, Sweden (6MN921.7° E), whichis  from the falling sphere’s vertical acceleration also tracked
located on the east side (or lee) of the Scandinavian mounby the C-band radar. The vertical resolution of falling sphere
tains. The rocket measurements were also supplementeFS) measurements decreased with increasing altitude. Itwas
by coordinated satellite and ground-based measurements at6 km at 80 km, and-30 m at~35-40 km (note that the ver-
both Esrange and Andoya. Northern Scandinavia has beetical profile of the Nyquist vertical wavelength corresponding
found to be a preferred site for penetration of mountainto the FS data, which is twice the vertical resolution and is
waves into the middle atmosphere in winter, and several incomputed from the FS smoothing function, is shown in Fig. 6
dependent campaigns have already examined the influencdlow). Below 80 km, the accuracy of winds at the resolved
of the Scandinavian mountain ridge on GWs and polar stratoscales was-1 ms 1, whereas that of temperature was K.
spheric cloud formation (e.g.,@nbrack et al., 2002; Blum Above 80 km, the accuracy of both winds and temperature
et al., 2005; Eckermann et al., 2006). GWSs excited by to-was generally poorer. As a result, we will focus in this study
pography, or mountain waves, have phase speeds near zemn analyzing GW characteristics below 80 km.
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Fig. 1. Waterfall plots of falling sphere zonal and meridional winds (the upper two panels) and temperature raw soundings (the lower panel)
over Esrange, Sweden (678, 21.1° E) during the MaCWAVE winter campaign. Soundings in Salvo 1 are marked in red, whereas those in
Salvo 2 are marked in blue. The horizontal spacing of adjacent profiles is Zbfimiswinds and 30 K for temperature. Temporally adjacent
profiles are plotted with equal spacing regardless of the actual time difference. The temporal resolution of the soundings was generally 1 or
2 days, except during Salvo 1 and 2, for which the resolutionwHs

Figure 1 shows waterfall plots of the raw FS wind and Note that wavelike structures are clearly seen in the water-
temperature soundings during the winter campaign. As defall plots. It is also apparent that wave perturbations were
scribed in detail by Goldberg et al. (2006), the temporal resodargest at~45-50 km for Salvo 1, although there were also
lution of the soundings was generally 1 or 2 days, except durclear wave motions at60 km. Wave motions were most
ing Salvos 1 and 2 (which are shown in red and blue colorspronounced at-60 km for Salvo 2. In general, wind mea-
in Fig. 1, respectively), for which the resolution wad h. surements reached lower altitudes than temperature. This is
More detailed information on the soundings can be found inbecause drag (and temperature) could not be estimated ac-
Goldberg et al. (2006). There were 13 soundings in Salvo Icurately when the falling sphere collapsed and became non-
on 24-25 January and 7 soundings in Salvo 2 on 28 Janspherical. However, this did not impact wind estimates.

uary. The good spatial and temporal resolution and extent The FS m rements were found to b nsistent with
within each salvo made it possible to obtain reliable esti- € easurements were fou 0 be consiste

mates of the background fields and to extract credible GWobservations from other collaborative instruments. These in-
perturbations. Hence, we will focus on analyzing GW Char_clude temperatures from the U. Bonn lidar at Esrange (Blum

- : - L and Fricke, 2005) and the SABER instrument (e.g., Mertens
f hin th I h : : .
acteristics for soundings within the two salvos in this study. et al., 2004) onboard the TIMED satellite (during the days

www.ann-geophys.net/24/1209/2006/ Ann. Geophys., 24, 12785-2006
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Fig. 2. Time-altitude contours of radiosonde measurements of winds and temperature over Esrange, Swéd¢/2B1T%¥) and Andoya,

Norway (69.3 N, 16.0° E). The contour interval is 10 mé for winds and 10K for temperature. The time coordinates corresponding to
individual soundings are marked by the inward ticks. In the abscissa, the outward tick corresponding to each day indicates the beginning of
that day.

when the SABER field of view passed Esrange) and windswell with those of the FS in the overlapping altitude range
from the meteor radar and sodium lidar above 80 km over(not shown). The altitudes reached for wind measurements
Esrange and ALOMAR (not shown). were not always the same as those of temperature, as seen
fn Fig. 2. This is because temperatures were obtained by ra-

wind and temperature observations from 17 GPS MARK I dlos_qndes, whereas winds were retrieved from thE’T balloo_n
Bosmons, and these could occasionally not be obtained reli-

meteorological radiosondes (having 10-s resolution) releas :
eorolog es ( 9 olution) rele eany due to low elevation angles. We note also that balloon

over Esrange, and from 19 radiosondes released over Andata over both stations provided evidence of the stratospheric
doya, Norway (69.3N, 16.0 E), which is ~200km from P P

) R : warming on 24 January.
Esrange upwind of the Scandinavia Mountains. The temper In the next section, we will describe the mean state during

ature accuracy of the radiosonde was 0.2 K. The accuracy Otfhe campaian. the backaround winds and temperature of the
winds was variable but was generally better than TtnFhe paign, 9 P

vertical resolution of the balloon measurements wakd— two FS salvos, and the extraction of GW perturbations.

60 m. Figure 2 shows the time-altitude contours of raw ra-

diosonde observations of horizontal winds and temperatur Background fields and gravity wave perturbations

over the two stations. The inward ticks on the plots show the

release time of each sounding. The temporal resolution oBefore proceeding with our GW analysis, we wish to pro-
the balloon soundings was variable, and there were no corvide an overview of the background winds and temperature
responding groups of balloon soundings over Esrange thadluring the period of the observations. Figure 3 shows the
matched the two FS salvos closely in time. In fact, theremerged time-altitude contours of zonal and meridional winds
were only two balloon soundings available, which were closeand temperature from FS (above 35 km) and ECMWF T106
in time to each of the FS salvos. Most of the balloons burstanalyses (below 35km). To obtain the contours, we first in-
below 35 km, and the bursting height was generally lower atterpolated the FS raw data, as shown in Fig. 1, to a regular al-
Esrange than at Andoya. For the few soundings reaching 35itude grid with a vertical resolution of 0.2 km (the same alti-
km, the wind and temperature profiles were found to agregude grid was used for the salvo means and GW perturbations

In addition to FS measurements, there were horizonta

Ann. Geophys., 24, 1209226 2006 www.ann-geophys.net/24/1209/2006/
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Fig. 3. Merged time-altitude contours of zonal and meridional winds and temperature from falling sphere (above 35 km) and ECMWF T106
four times daily analyses (below 35 km). The contour interval is 10’er winds and 5K for temperature. The inward ticks on the top of
each panel indicate the actual times of the falling sphere soundings.

to be described later in this section), then smoothed eaclean be seen from comparing Figs. 2 and 3. The tropospheric
profile using a 5-km low-pass filter. The time correspond- information was excluded from Fig. 3 to focus on the strato-
ing to each FS sounding is indicated by the inward ticks atspheric and mesospheric fields. Note that FS observations
the top of each panel in Fig. 3. The ECMWF data plotted and ECMWF analyses generally merged very well.

were the ECMWF T106 4 times daily analyses at 68625 There was evidence of a stratospheric warming occur-
20.250 E. The balloon data (Flg 2) were not used in the ring at ~45km on 15-17 January_ The same structure
merged plot due to its limited altitude coverage over Es-was also observed with the U. Bonn lidar (Blum et al.,
range, though the balloon data and ECMWF analyses genpppg). There was further evidence of a warming, occur-
erally agreed very well when and where they overlapped, asing at ~30 km on 24—27 January, which was also detected

www.ann-geophys.net/24/1209/2006/ Ann. Geophys., 24, 12785-2006
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Fig. 4. Salvo mean winds and temperature (the thick dark lines) and the individual soundings within each salvo (the thin colored lines, with
blue colors indicating earlier soundings and red colors indicating later soundings).

in the balloon soundings (Fig. 2). These two events werereliable estimates of the background fields and thus to de-
likely related, as suggested by the National Oceanic &rive GW perturbations. Figure 4 shows the salvo mean pro-
Atmospheric Administration (NOAA)’s Space Environment files, as well as individual soundings within each salvo. For
Center (SEC) stratospheric warming alefitff://www.sec.  both salvos, background winds were generally to the south-
noaa.gov/alerts/archive/aledan2003.htm| Both warming  east in the stratosphere. In addition, winds were very weak
events were accompanied by upper mesospheric coolingsat~50 km for Salvo 1. The background temperature profiles
For the second warming event, the upper mesospheric coolwere very different between the two salvos. For Salvo 1,
ing also appeared to propagate downward (Fig. 3). Note thathere was a temperature minimum-a#3km and a max-
a similar correlation of stratospheric warmings and meso-imum at~60km. For Salvo 2, however, the background
spheric coolings was observed with the TIMED/SABER temperature was roughly isothermal belevs5 km and de-
instrument (Siskind et al., 2005; S. D. Eckermann, per-creased monotonically above55km with a nearly adia-
sonal communication, 2005) and was modeled in severabatic lapse rate. Compared with the reference atmosphere
studies (Holton, 1983; Liu and Roble, 2002; Coy et al., MSISE90 (Hedin, 1991) at NN in January (not shown),
2005). The apparent link between stratospheric warmingghe background temperature during Salvo 1 was much colder
and mesospheric coolings suggests important roles of planthan the reference temperature in the upper stratosphere (e.g.,
etary waves and GWs in stratosphere-mesosphere couplingearly 45K colder at 42 km). The Salvo 2 background tem-
(Holton, 1983; Liu and Roble, 2002; Coy et al., 2005; perature was generally colder than the reference temperature
Siskind et al., 2005). During the warming on 15-17 Januaryby 10-15K above 40 km, but its lapse rate agreed very well
winds were mostly to the northwest at 45-50 km and to thewith the reference atmosphere.
southeast in the upper mesosphere. Winds were very weak Following the conventional approach, we derived GW per-
around 50 km and were mostly to the southeast in the uppefurbations by calculating the differences between raw sound-
mesosphere during the stratospheric warming on 24-27 Janngs and the salvo means. Since the temporal coverage of
uary. each salvo was limited, nametyl2 h for Salvo 1 and-6 h

As noted in the previous section, the two FS salvos had dor Salvo 2, a high-pass (in wavenumber) filter with a cut-
temporal resolution of-1 h. This made it possible to obtain off wavelength of 18 km was applied to the differences to

Ann. Geophys., 24, 1209226 2006 www.ann-geophys.net/24/1209/2006/


http://www.sec.noaa.gov/alerts/archive/alerts_Jan2003.html
http://www.sec.noaa.gov/alerts/archive/alerts_Jan2003.html

L. Wang et al.: Mountain wave critical level encounters during MaCWAVE 1215

Salvo 1, AU, AV AT

T Wﬂﬁw E: 7
W iz

(@)

2 4 6 8 10
‘Sa‘lvo 2, ‘AU‘, ‘
[

902 1 I I I
] = 5

Altitude, km

Time, hour

Fig. 5. Gravity wave perturbations for FS Salvo 1 and 2. The contour interval is 2 rfts winds and 2 K for temperature. Times are
relative to the first FS of each salvo, which were at 13:11 and 13:00 UTC, respectively.

minimize the possible contamination from planetary wavesshown in Fig. 5 should be viewed with some caution, as the
and semidiurnal tides, under the assumption that the vertivertical resolution of FS data decreases with increasing alti-
cal scales of those contaminants were longer than those dfide, thus waves with longer vertical wavelengths were re-
GWs in the altitude range considered. Figure 5 shows themoved with increasing height. Nevertheless, GW amplitudes
time-altitude contours of GW perturbations thus derived for generally increase with increasing altitude due to decreasing
each salvo. Note that both velocity and temperature fielddackground atmospheric density, so the most energetic part
contain evidence of primarily downward phase progressionof the GW spectrum was not impacted significantly by the
but also some upward phase progression, at higher altitudesbservational selection factor.

Upward phase progression can result from either downward For the balloon data, we first interpolated the raw data to
energy propagation or Doppler shifting resulting in an ob- a regular grid with a resolution of 50 m. We then derived
served phase speed opposite to, and larger than, the intrinsi8W perturbations in the lower stratosphere (above 11km)
phase speed. The latter appears to be the case here, sinog applying a high-pass (in wavenumber) filter with a cutoff
the hodograph analysis presented below indicates a clockwavelength of 5km to each sounding. Some previous stud-
wise rotation of the wind vector with altitude in all profiles. ies (e.g., Allen and Vincent, 1995; Wang and Geller, 2003;
We also note that departures from linear relationships beand Wang et al., 2005) derived GW perturbations by remov-
tween the velocity and temperature fields can result froming the mean profiles estimated from polynomial fits. It was
wave superposition, from instability dynamics, and are alsofound that the statistics of GW parameters such as horizon-
observed in high-resolution lidar measurements exhibitingtal propagation directions from the different estimates of GW
these same dynamics (Williams et al., 2006). For Salvo 1, theperturbations were very similar. The lower stratospheric GW
strongest GW perturbations occurred at 45-50 km, whereaperturbations did not show any apparent phase propagation.
for Salvo 2, the strongest GW perturbations occurred atThe perturbation amplitudes were slightly larger at 20—30 km
~60 km, being consistent with the visual inspection of the than at other altitude ranges (not shown).

raw soundings (Fig. 1). Finally, note that the apparent pattern

www.ann-geophys.net/24/1209/2006/ Ann. Geophys., 24, 12785-2006
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Fig. 6. Salvo mean vertical wavelength-altitude contours of S-transform amplitudes of FS winds and temperature. The dashed lines are the
vertical profiles of the Nyquist vertical wavelength corresponding to the FS data. The contour interval is ®f&mainds and 0.5K for
temperature.

To show GW perturbation amplitudes and vertical scalesThe S-transform has been applied to geophysical data and
quantitatively and more clearly, we applied the S-transformhas proven to be valuable in estimating GW amplitudes and
to each FS and balloon sounding to obtain contours of vertiphase information (e.g., Stockwell and Lowe, 2001; Wang et
cal scale vs. altitude of the perturbation amplitudes. The S-al., 2006).
transform (e.g.,. Stockwell etal., 1996) is a Gaussian wavelet Figure 6 shows the vertical wavelength-altitude contours
transform_that is def_lr_1ed as a continuous Wa_ve_let transform.c <~ \vo mean S-transform amplitudes of FS zonal and
(CWT) with a specific mother wavelet multiplied by the meridional winds and temperature. Overplotted on the con-
phase factor tour plots are the vertical profiles of the Nyquist vertical
S(z, f) = W (2, d) 1) wavelength cor_res_ponding. to the FS data (dashed Iines).. For

Salvo 1, the principal maximum occurred at 45-50 km with
where 7 is time or altitude, f is frequency or vertical a vertical scale of~4km. There was a secondary maximum

wavenumber, and the dilation factdris the inverse off. occurring at~60 km with a vertical scale of 9—10 km, espe-

TheCWT W (7, d) of a functioni(z) is defined by cially in the wind data. For Salvo 2, the primary maximum
o of perturbations occurred at60 km with a vertical scale of

W (r,d) = / h(w(t — T, d)dt 2) ~7km for wind components and 9-10 km for temperature.
—o00 There was also an indication of weak GW enhancements for

the meridional wind component at 45-50 km with a vertical
) s scale of~4km. Generally, GW perturbations were some-
wit, f) = M -2 iong (3  What larger in Salvo 2 than in Salvo 1. The apparent very
V2 small amplitudes of short vertical scale GWs at high altitude
were likely due to the observational selection factor of the FS
data, although the dominant signals mentioned above were
geophysical and were not affected significantly by the verti-
cal resolution of the FS data. Note that much of the infor-

mation displayed in Fig. 6 was already inferred from Figs. 1

and the mother wavelet is defined as

wherer is also time or altitude. Writing out Eq. (1) explicitly
gives the S-transform
Lfl [ u=x2s2

S(r,f)=E h(tye™ z e &gy 4)

Ann. Geophys., 24, 1209226 2006 www.ann-geophys.net/24/1209/2006/
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Fig. 7. Gravity wave perturbation hodographs (the thick colored lines) and the derived horizontal propagation directions for FS Salvo 1 at
60 km and above. The lowest altitude is denoted by blue color, whereas the highest altitude is denoted by red color. The thin dark dotted
ellipse is the fit from the S-transform approach. The thick dark arrow denotes the direction estimated from the new approach. The thin pink
arrow denotes the direction estimated from the Stokes parameter analysis. Ordering is chronological and then by increasing altitude. See tex
for details.

and 5, but Fig. 6 provides quantitative information regardingone another (not shown) and they resemble the salvo mean
the locations, vertical scales, and amplitudes of the dominanpatterns shown in Fig. 6. In the next section, GW parameters
wave motions. Note that the S-transform amplitudes of indi-such as horizontal propagation direction will be derived for
vidual soundings within each salvo are generally similar tothe dominant GW motions identified in Fig. 6.
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Fig. 8. Similar to Fig. 7 but for FS Salvo 2 at 60 km and above.

4 GW Horizontal propagation directions lengths of the major and minor axes is equal to its intrin-
sic frequency divided by the Coriolis parameter. Linear GW

. . . theory also shows that the negative temperature perturba-
For a monochromatic GW propagating upward in the north'tion lags the positive velocity perturbation in the direction of

ern hemisphere, the wind perturbation hodograph depicts an .
ellipse rotating clockwise with increasing height. The ori- bhase propagation by 9¢e.g., Gossard and Hooke, 1975).

entation of the major axis of the ellipse is aligned with the o, With vertical profiles of wind and temperature pertur-

) . o . ions available, it i ibl rmine GW horizontal
horizontal propagation direction, and the ratio between thebato s available, itis possible to dete eG orizonta
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propagation directions and intrinsic frequencies if the pertur-and above. The altitude range of each data segment was arbi-
bations are dominated locally by monochromatic waves. Dif-trarily taken to be 10 km. These data segments were chosen
ferent approaches have been used in previous studies to detdrecause they correspond roughly to the secondary maximum
mine GW horizontal propagation direction. Several studiesidentified in Fig. 6, and because they display well-defined
fitted the wind perturbation ellipse directly (e.g., Hirota and wind perturbation ellipses, suggesting that the motions were
Niki, 1985), while others took a statistical approach by usingdominated by monochromatic GWs. As the nature of the
the Stokes parameter analysis (e.g, Eckermann and Vincenhew approach suggests, it can only yield credible estimates of
1989; Vincent et al., 1997; Sobh et al., 2004; Williams horizontal propagation directions for nearly monochromatic
et al., 2004). Realizing that vertical profiles often contain wave motions. The estimates of horizontal propagation di-
a mixture of GWs at different altitudes, Zink and Vincent rections from both the new approach and the Stoke analy-
(2001) used the Morlet wavelet to first identify isolated wave sis are indicated by different arrows in each plot. Generally,
packets in radiosonde soundings and then used the Stokélke results from the two approaches are consistent, i.e., GWs
method to analyze the isolated wave packets. Note that alpropagated predominantly towards the southeast. Figure 7
the above techniques are inherently related, as shown in Eckalso suggests that the estimates using our new approach are
ermann (1996). considerably better than those from the Stokes analysis for
In this study, we introduce a new approach which is basedsome cases (i.e., they are closer to the orientations of the
on the traditional hodographic analysis combined with the S-major axes of perturbation ellipses), notably the fourth and
transform method, and we compare the results from the neveighth data segments in Fig. 7.
approach with the Stokes analysis. In essence, the new ap- Similarly, Fig. 8 shows selected wind perturbation
proach is a variation of the hodographic analysis. It takeshodographs and the estimated propagation directions for
advantage of the fact that the characteristics of the windsoundings in FS Salvo 2 at60 km and above. The selected
perturbation ellipse of a monochromatic GW, including the data segments correspond to the primary GW perturbation
orientation of the major axis and the ratio between majormaximum for Salvo 2 identified in Fig. 6. Again, the esti-
and minor axes, depend only on the wave amplitudes of thenates of both approaches are generally consistent, but the
zonal and meridional wind components, and the phase differnew approach seems to yield better fits for some cases, no-
ence between them (see the Appendix). The S-transform hasbly the first data segment. It is interesting that GWs gen-
been shown to yield reliable estimates of wave amplitudeserally propagated towards the northwest or west in Salvo 2,
(Fig. 6). The phase difference between two variables can bée., nearly opposite to those in Salvo 1. The apparent better
calculated by performing a cross-S-transform analysis (crosperformance of the S-transform approach in estimating GW
ST) in analogy with cross-spectral analysis using the Fouriethorizontal propagation directions in some cases, as shown
transform. The cross ST of two time series (or vertical pro-in Figs. 7 and 8, is likely due to the capability of the S-
files) h(¢) andg(r) is defined as transform to obtain more reliable estimates of wave ampli-
tudes and phase differences.

Su(® S (w ) ) Those GWs identified in Figs. 7 and 8 all had very low in-
where {S,(z, f)}* is the complex conjugate af,(r, f). trinsic frequenciesd/f ~1.5-4), as inferred from the aspect
The phase of the cross ST can be shown to be equivratio of the ellipses. The hodographs in Figs. 7 and 8 also
alent to the phase difference betweertr) and hi(z), imply that GW vertical wavelengths in Salvo 2 a60km

&(z, f)g—P(7, f)r. The 180 ambiguity in GW propaga- were generally shorter than their counterparts in Salvo 1.
tion direction is resolved using the relationship between theThe clockwise rotation of the hodographs suggests upward
temperature and velocity perturbations along the major axignergy propagation, and downward phase propagation, con-
of the orbital ellipse. sistent with what was seen in Figs. 1 and 5.

In practice, for a given data segment, the location and ver- The primary GW perturbation maxima for FS Salvo 1 oc-
tical wavelength corresponding to the dominant wave motioncurred at 45-50 km with vertical scales o# km (Fig. 6).
were identified through the maximum S-transform amplitude The corresponding hodographs in that altitude range shown
of wind speed. The amplitudes of, and the phase differencem Fig. 9, however, are more complicated than those shown
between the zonal and meridional wind perturbations, werén Figs. 7 and 8, and generally do not reveal the well-defined
then used to determine the orientation of the wind perturba<llipses, implying that there were likely a mixture of GWs.
tion ellipse and the intrinsic frequency, as described in detailSo, the new approach is not expected to obtain reliable es-
in the Appendix. The direction of horizontal propagation was timates of GW properties in these cases. Nevertheless, the
determined as described earlier in this section. With the verhodographs do exhibit some coherent structures, as will be
tical scale and intrinsic frequency known, other wave param-discussed in detail in the next section. Compared with the
eters such as horizontal wavelength, horizontal phase speetipdographs at 60 km and above (Fig. 7), hodographs at 45—
etc., were determined using the GW dispersion relation. 50 km for Salvo 1 (Fig. 9) generally show larger perturbation

Figure 7 shows wind perturbation hodographs from se-amplitudes, smaller vertical scales and higher intrinsic fre-
lected data segments for soundings in FS Salvo~168tkm quencies. In addition, the hodographs display a consistent
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Fig. 9. Some of the gravity wave perturbation hodographs for FS Salvo 1 at around 45-50 km.

northwest-southeast orientation. Finally, it should be men-northwest-southeast orientation corresponds té i8these
tioned that the horizontal propagation directions in the lowerplots. The wind vectors above 35km were taken directly
stratosphere, as determined from the balloon data, were getirom the salvo mean winds, as shown in Fig. 4. The winds
erally isotropic (not shown). below 35 km were estimated from the average of the two bal-
loon soundings over Esrange around the time of the respec-
] ) tive salvos, as noted in Sect. 2. The averages were further
5 Discussion smoothed using a 5-km low-pass filter before they were used
. i to produce Fig. 10. The short gap in Salvo 1 was due to the
GWs generally originate from sources in the lower atmo- o |atively low balloon bursting altitudes during that period
sphere, and their major sources include topography, CONVEGSt time. Note that the wind measurements from the two in-

tion, and wind shear (Nastrom and Fritts, 1992; Fritts a_ndstruments merged very well even though only two balloon
Nastrom, 1992). As they propagate upward, they will be 'n'soundings were available for each salvo.
fluenced significantly by the background winds and stability.

In particular, a GW will typically break as it approaches its It is evident that background winds were very weak in all
critical level. As a wave approaches its critical level, its ver- directions at~50 km during Salvo 1, indicating the existence
tical wavelength and vertical group velocity will approach of a critical level at~50 km for mountain waves propagat-
zero. A topographic GW has a phase speed near zero, so itag in any direction. For Salvo 2, on the other hand, it is
critical level exists where the background wind is close toobvious that topographic waves could not reach the strato-
zero in the direction of wave propagation. sphere due to the existence of critical levels in the tropo-
Figure 10 shows the component of background wind insphere. Additionally, the very low surface winds during
various directions for both salvos. The directions are mea-Salvo 2 made it unlikely that mountain waves would be ex-
sured counter-clockwise from the east. For example, eited with any significant amplitude. These factors suggest
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Fig. 10. Projection of salvo mean wind vectors on different directions ranging from 0 to. IT#& direction is measured counter clockwise
from the East. The contour interval is 5ms The zero wind line is marked by thick solid line. The blank region for Salvo 1 is due to a data
gap. See text for details.

that the low-intrinsic-frequency GWs observed at 60 km andpographic waves propagating in directions less than 100 deg
above for both Salvos 1 and 2 (Figs. 7 and 8) were not topo-or so (i.e., more or less towards the northeast or southwest)
graphic waves. Also note that for Salvo 1, the backgroundencountered critical levels well below 50 km. On the other
winds were mostly to the southeast below 50 km (Fig. 4),hand, waves propagating in directions greater than 100 deg or
in the same direction as the wave propagation at 60 km ando (or, more or less towards the northwest or southeast) could
above (Fig. 7). One possible GW source was the strong wingropagate throughout the stratosphere and lower mesosphere
shears near 20 km. They might also have come from sourceand encountered critical levels near 50 km. As has been ob-
well beyond Esrange due to the largely horizontal propagaserved in Fig. 9, wind perturbation hodographs for Salvo 1 at
tion of low-frequency GWs, though this was less likely since ~45-50 km are aligned in a northwest-southeast orientation.
the propagation directions were so coherent within the salvoThis, together with the large perturbations and short vertical
It is unclear as to the exact source(s) of the waves for bothscales, suggests that the pronounced wave motions at 45—
Salvos 1 and 2 (except for the mountain waves in Salvo 1 a$0 km for Salvo 1 were likely mountain waves approaching
will be discussed later in this section) without more detailedtheir critical levels.

analysis. Figure 11 shows vertical profiles of ratios of wind per-

Figure 10 also indicates that there was likely selectiveturbation amplitudes and the corresponding intrinsic phase
transmission for topographic waves below 50 km depend-speeds (i.ey’;,/(¢), whereu'y, is the wind speed amplitude)
ing on their propagation directions. More specifically, to- for the soundings in FS Salvo 1. The third sounding in the
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salvo was excluded since there was a large vertical gap in theaunched on 24-25 and 28 January, respectively. Within each
wind measurement (Fig. 1). This ratio indicates how closesalvo, the temporal resolution wasl h, thus allowing for

a GW is to being unstable. A value of 1 corresponds to acredible estimates of the mean fields and the extraction of
GW that is “convectively” unstable witti6 /dz <0, whered GW perturbations for each sounding. GW perturbations for
is total potential temperature (Fritts, 1984). In Fig. 4%, each sounding within each salvo were derived by removing
was estimated from the maximum wind speed perturbatiorthe salvo mean field from the raw soundings which were then
(which is related to the zonal and meridional componentssubjected to a high-pass filter to minimize the possible con-
shown in Fig. 6 byu',=+u?+v2) at each altitude. The tamination of planetary waves and tides. The dominant GW
intrinsic phase speed was estimated from the correspondingerturbations for each sounding were identified using the S-
vertical wavelength using the GW dispersion relation valid transform, a Gaussian wavelet analysis. For soundings in

for medium intrinsic frequency waved; &> f, Salvo 1, the strongest wave perturbations occurred4s—
. Nx, 50 km with vertical wavelengths of4 km. There was also a
|¢] = = (6)  secondary maximum in GW amplitudes-a60 km with ver-

tical wavelengths ofv9-10km. For soundings in Salvo 2,

'the dominant wave amplitudes occurred-é&0 km with ver-

tical wavelengths of-7 km for winds and~9-10 km for tem-
erature.

A new approach, which is a variation of the conventional
hodographic analysis, was introduced to estimate GW hor-
izontal propagation directions for the dominant wave mo-
tions. Estimates from the new approach are generally consis-
tent with the Stokes analysis, though the new approach seems
. . ...” 1o provide better estimates for some cases. For soundings in
s e shggests 1t 233 ) o oachce s S -0k an sbove, G gl propete o

' wards the southeast, whereas for soundings in Salvo 2 in the

decrease, yielding a ratig;, /(¢), that likewise increases un- .
e : . . Itit , GW Il ted t th
til dissipation occurs. Thus, Fig. 11 provides strong ewdenceSame altitude range, GWs generally propagated towards the

X . . ~ ~northwest or west. None of these waves could have been
that the large wind perturbaﬂong at.45—50 km with vgrtlcal topographic waves due to the existence of mountain wave
wavelengths of-4 km, as shown in Fig. 6, were most likely

. : 2 critical levels below 60 km. The source of the waves at these
topographic waves approaching their critical levels. The ra-

) ) I : Iti [ vo1l ly likely shear i ility, likel
tios for the last two soundings shown in Fig. 11 are d|f'ferentatltUdesm Salvo 1 were mostly likely shearinstability, likely

from the rest. These suggest that either mountain wave e at much lower altitudes.
’ ugg ! untain wave €x- rpe  wind perturbation hodographs for soundings in

C|tat|0(;1twas| likely I\:f’f[mdablzm tlrrt1ee4g:(tha(tj th_e critical dl_evel Salvo 1 at~45-50km did not depict well-defined ellipses,
moved to a lower altitude (down m) during sounding indicating a possibility of moutain waves at higher intrinsic

?huemtlr)ﬁ;si?)ﬁj?)fsol_rzgnIQSti\r/ae“%Sstaar:)Fi)lzgggh;ls)u(:x(:)(;;ztdrferi?nhﬁequenCies' Nevertheless, the hodographs suggested wave
) . P . i havi h ical I h I li-
the linear theory. But this should not be surprising, given themOtlonS aving short vertical wavelengths and large ampli

X . . udes, and they were aligned in a northwest-southeast ori-
recent numerical studies of GW breaking that demonstrate(i y 9

GW breaking for amplitude ratios less than 1 and amplitude ntation, which was within the selective transmission win-
reductions to values of0.3 (Fritts et al., 2003, 2005). dow for topographic waves to propagate upward until they

encountered critical levels at50 km. The ratios of pertur-
bation amplitudes and intrinsic phase speeds for nearly all
6 Conclusions the soundings in Salvo 1 exhibited sharp peaks at 45-50 km
and a remarkable reduction of these ratios just above 50 km.
Falling sphere and balloon wind and temperature measurethese results suggest that these GWs were most likely moun-
ments from the MaCWAVE winter campaign in January 2003 tain waves approaching their critical levels.
were analyzed to investigate GW characteristics in the strato- Finally, we note that the new GW fitting approach estimat-
sphere and mesosphere over northern Scandinavia. ing horizontal propagation directions only works when the
The background was dominated by a minor stratospherigerturbations are dominated by an individual GW. For fu-
warming at~30 km on 24-27 January, which was accompa-ture studies, it will be interesting to identify and reconstruct
nied by a downward-propagating upper mesospheric coolingsW packets within a mixture of waves, as was done by Zink
during the same period. There was an earlier major stratoand Vincent (2001), and then to analyze the individual wave
spheric warming at45 km during 17-19 January which was packets using the analysis method introduced in this study.
also accompanied by an upper mesospheric cooling.
Among the nearly three dozen FS soundings conducted
during the winter campaign were two salvos which were

whereN is the buoyancy frequency calculated from the data
¢ is the intrinsic phase speed, and is the vertical wave-
length. It is remarkable that the ratios display sharp peak
at 45-50km for nearly all of the soundings, and they de-
crease sharply above50 km, which is the approximate crit-
ical level for topographic waves. The input to the calculation
of the ratios shown in Fig. 11 includes;,, which achieved
maxima at 45 to 50 km and were smaller below and above
and¢, which displayed minima at 45 to 50 km (not shown).
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Fig. Al. Schematic of wind perturbation hodograph for a

monochromatic gravity wave.

Appendix A

Determining hodograph ellipse from wind amplitudes

and phase differences

Equation (A4) can be solved numerically to determine the
maximum and minimum values ¢A 0| which correspond

to the lengths of the semi-major and semi-minor axes. Let
xo be thex corresponding to the maximum value [efO|,
uo=iixg, andvo= cogcos 1 xo+®dy), it can be shown that
the orientation of the major axis of the ellipgéis given by

¢' = cos Huo/\/u3 + v3) (A8)

Note that the value af’ lies between 0 and, whereas the
propagation direction of the wave, ranges from 0 to 2.

The temperature fluctuation can be used to solve thé 180
ambiguity, as linear GW theory predicts that the (negative)
temperature perturbation lags the (positive) wind perturba-
tion along the propagation direction by“90The projection

of (u, v) onto the orientation of the major axis of the ellipse
AOis

u oS¢’ +v cosgp’ = C1cos(mz+Co) (A9)
where
CL=

\/(12 cos¢’ + ¥ sing’ cosgp)? + (¥ sing’ cosgp)>  (A10)
C2 = sin* (#sing’ singo/C1) (A11)

Let &7 be the phase lag of temperatufewith regard tou.
The horizontal propagation directianis ¢’ if (&7 —C2) is
within [0, ], or¢’+m if ¢ if (®7—C2) is within[x, 27]. In
practice, the S-transform is used to estimate wave amplitudes

For a monochromatic GW, the zonal and meridional wind (iz, ), and phase difference®g, ®7).

components can be written as
u(z) = u cos(mz)

v(z) = v cos(mz + Do)

(A1)
(A2)
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